The objective of this research was to determine whether the presence of transverse rumble strips is an effective warning device for drivers approaching rural stop-controlled intersections. Rural highways are associated with long tangents and infrequent intersections, which can cause drivers to become inattentive. To evaluate the effectiveness of transverse rumble strips, vehicle speeds were measured at three locations along the approach to rural stop-controlled intersections both before and after the installation of transverse rumble strips. The researchers evaluated nine rural stop-controlled intersection approaches in Texas during both day and night conditions on both weekends and weekdays. Overall, the installation of transverse rumble strips generally produced small but statistically significant ( p ≤ .05) reductions in approach speeds. There were no clear indications that the transverse rumble strips had a greater or smaller impact during day, night, weekend, or weekday periods. In a few instances, speed change reductions of greater than 1 mph occurred; however, the overall trend was for speed change reductions to be equal to or less than 1 mph.
A major safety concern in rural areas is crashes at intersections. A study of crashes on low-volume rural two-lane highways in Texas showed that 25% of crashes occurred at intersections (1) . The most prevalent factor contributing to these traffic crashes was speeding. In the United States, 38,491 fatalities occurred in 2002, and excessive speed was the primary contributing factor in 31% (11, 932 ) of those fatalities (2) .
The frequency of access points, the amount of roadway lighting, and the magnitude of traffic demands are generally lower in rural areas than in urban areas. The combination of these factors tends to make drivers on rural roads more relaxed and potentially less attentive. As a result, drivers are less expectant of upcoming conditions and are more prone to crashes at intersections on rural roadways (1, 3) .
Safety at rural stop-controlled intersections may be enhanced with the use of a traffic control device that can mitigate the number and severity of crashes by warning drivers of upcoming decision points. Traffic control devices help ensure highway safety by providing for the orderly and predictable movement of all traffic (4) . Their primary purpose is to regulate, warn, and guide traffic to promote the safe and uniform operation of all motorized and nonmotorized elements in the traffic stream. Transverse (in-lane) rumble strips are traffic control devices used to alert drivers to the possible need for action. Their purpose is to provide motorists with an audible, visual, and tactile warning that their vehicle is approaching a decision point of critical importance to safety. This research used field data from a before-and-after study conducted at nine stop-controlled intersections in rural areas of Texas to determine if the presence of transverse rumble strips affected the operational behaviors of drivers.
STUDY DESCRIPTION

Research Objectives
Transverse rumble strips are intended to provide the driver with an audible, visual, and tactile cue that an operational decision is to be made or that an operational decision point is approaching. The primary objective of this research was to perform an evaluation of transverse rumble strips as a warning device to drivers approaching rural stop-controlled intersections. To determine the effectiveness of transverse rumble strips, a change in the approach speed was used as a surrogate measure of effectiveness (MOE). The ultimate MOE for the evaluations performed is the number of collisions prevented by the transverse rumble strips. However, because unbiased crash data would be difficult to obtain within the resources and time frame of this project, the focus was placed on the collection of vehicle speeds to serve as an indication of driver awareness of the intersection. A secondary objective of this research was to determine if the transverse rumble strips were more effective during different periods, such as daytime, nighttime, and weekends.
Previous Study Results
A review of the literature revealed a variety of studies on transverse rumble strips and the operational and safety effects associated with them. The previous studies concerning transverse rumble strips focused on three main areas of research: traffic crash experience, "Stop" sign compliance, and effects on vehicle speeds. Surrogate MOEs were also reviewed.
Traffic Crash Experience
Previous studies performed by highway agencies have shown that transverse rumble strips can be effective in reducing crashes (5-7).
Speed Changes Due to Transverse Rumble Strips on Approaches to High-Speed Stop-Controlled Intersections
The vast majority of available crash studies concerned rumble strips placed on the approaches to stop-controlled intersections, both at T-intersections and at four-way intersections with stop control on two approaches. The previous studies used a number of crash-related MOEs to evaluate the rumble strips. The MOEs included total crashes, ran-"Stop"-sign crashes, fatal crashes, injury crashes, total crash rate, right-angle crashes, daytime crashes, and nighttime crashes. The results from the studies indicated rates of reduction of these crash-related MOEs ranging from 14% to 100% (7 ) .
These crash studies vary in size and completeness. For instance, only two of the studies reported the statistical significance of the results. Most did not incorporate control sites for comparative purposes, and several assumed that the traffic volumes in the beforeand-after cases were similar (7). Previous researchers have indicated that despite the lack of rigor in the experimental designs, transverse rumble strips should still be considered at locations where rear-end crashes and ran-stop sign crashes, which involve a lack of driver attention, are prevalent (7 ).
Stop Sign Compliance
Rumble strips have been evaluated for their effectiveness in inducing compliance at stop-controlled T-and four-way intersections. The criteria studied were if drivers made a full stop, made a partial (rolling) stop, or did not stop. The results indicated that drivers made significantly more full stops in the posttreatment period than in the pretreatment period. The change in the proportions of full stops made between the before-and-after cases ranged from 4% to 30% (7) . (Compliance data were not collected as part of the study presented in this paper because of limited project resources.)
Effect on Vehicle Speed
The objective of speed-related studies has been to determine if transverse rumble strips have an effect on vehicle speed on approaches to intersections, roundabouts, and other roadway junctions. By using before-and-after study designs, the previous research indicates that transverse rumble strips result in a small reduction [1.6 to 6.4 km/h (1 to 4 mph)] in vehicle speeds. Although some of the reported results are statistically significant, the reductions in the approach speed may not be meaningfully different (7) (8) (9) (10) (11) (12) .
The concern with the use of speed as an MOE has been in determining whether the reported changes were meaningful. For example, it has been found that even small differences [e.g., 1.6 km/h (1 mph)] in average speeds were statistically significant when sample sizes were large. However, from a practical standpoint, a 1.6-km/h (1-mph) difference in average speed would be rather meaningless. Previous researchers found it necessary to identify a speed differential that would be considered meaningful. On the basis of years of research and operational experience and input from other traffic and safety operations experts, previous researchers have often chosen a speed differential of 6.4 km/h (4 mph) or greater to be practically significant or meaningfully different (13) .
The speed-related studies also varied in size and completeness. Previous studies drew conclusions by comparing different types of sites and, in some cases, by studying only one location. Because the research was conducted at single sites or multiple types of sites and because of the inevitable site-specific characteristics of each location, it is difficult and potentially dangerous to extrapolate these results to be indicative of the results that would be obtained with transverse rumble strips (7) (8) (9) (10) (11) (12) .
Additionally, the previous analyses often lacked a control speed location. Only two of the speed effectiveness studies reported the use of control locations to account for variations in speeds. Control speed locations are important to speed studies because they account for variations in driver behavior between the before and the after study periods. A slight decrease in speed may be the result of factors other than the rumble strips, and thus, a control speed trap should be used to capture this variation.
Surrogate Crash Measures
Surrogate crash measures were used to evaluate the effectiveness of the transverse rumble strips. The primary objective of safety expenditures on roadways is to improve the safety along the roadway through reductions in crashes and crash severity. The ultimate MOE would be an evaluation or analysis of changes in crash experience. Crash-based evaluations are difficult because low crash frequencies require long periods of time to acquire the sample sizes needed. Other complications arise because of bias, inaccuracy, and confounding effects within the crash database (14) .
To offset the difficulties of using crash experience as the sole criterion, non-crash-based measures are used to provide an intermediate measure. Non-crash-based measures are considered intermediate because they are meant to be a supplement to and not a substitute for crash-based measures. Many operational non-crash-based measures, including spot speeds and speed profiles, have been identified as surrogates for safety. Although the proper use of surrogate crash measures can provide intermediate indications of the effectiveness of safety projects that have been implemented, their direct relationship to crash occurrence has yet to be established (15) . Surrogate crash measures are recommended for use as an operational review tool and as a means of improving traffic flow and operations during project planning stages. However, it is recommended that acceptance of non-crash-based measures as surrogate crash measures be used with caution until quantitative relationships can be established (14) . The MOEs used in this research project included speed changes and spot speeds.
Transverse Rumble Strip Description
Transverse rumble strips were used in this study to provide a supplement to existing warning signs that an intersection is ahead. The rumble strips were 1.52 m long, 160 mm wide, and 10 mm thick. The rumble strips were applied to the pavement by applying adhesive to the back of the strip and the roadway surface. A crosssectional view of the rumble strips used in this study is shown in Figure 1 (16) .
Two sets of rumble strips were installed on the approach to the stop-controlled intersection. The two sets were spaced 152.4 m apart, with the downstream set being 76.2 m downstream of the warning sign and the upstream set being 76.2 m upstream of the warning sign ( Figure 2 ). The layout design left a space in the traveled way for motorcycles. The standard spacing insert depicts the layout of 10 rumble strips (as shown in Figure 1 ), which constitute one set of rumble strips. Distance from intersection to control trap varies. Control trap will be placed so that intersection is not in sight.
Warning Sign Location Note: Location will follow standards of MUTCD and will be function of speed limit on road.
Rumble Strips were placed a minimum of 0.2 m from both centerline and edge of roadway 
Methodology
The experiments were carried out at five carefully selected intersections in typical before-and-after fashion ( Table 1) . The before treatment case involved the collection of traffic operations data while no rumble strips were in place and a "Stop Ahead" warning sign was in place. The after treatment case involved the collection of data after the rumble strips had been installed. The ITE Manual of Transportation Engineering Studies (17 ) recommends before-and-after experiments for both statistical and practical reasons, including the following: site-to-site variation is eliminated, the study of fewer sites is necessary to draw useful conclusions, and the results make intuitive sense and are easily understood by engineers and nontechnical readers alike.
Site Selection
The main criterion for the selection of the five intersections (nine approaches) was evidence of a hazardous condition that could potentially be remedied through the use of rumble strips. The main criteria for hazardous site identification were reports from Texas Department of Transportation (TxDOT) officials of intersections that had known problems, such as those with crash rates that were higher than the state average, those where severe crashes had occurred, and those that had received public complaints. TxDOT also selected these sites on the basis of engineering judgment. These sites had previous traffic control devices in place, such as warning signs, but the crash rates and the number of complaints had not subsided as a result of these devices. Other site selection criteria included poor sight distance, long uninterrupted approaches, and no evidence of higher-than-average police enforcement in the area.
The sites selected contained similar features and controls. The features and controls were kept constant so that the speed at which drivers would traverse the sites would be subject to fewer external factors. The characteristics for the intersection study sites are displayed in Table 1 .
Data Collection
Tracking of individual vehicle speeds through a given site was accomplished by the use of a series of portable automated vehicle classifiers 4 Transportation Research Record 1973
(Peek ADR 2000). The classifiers and pneumatic hoses were placed at three locations ( Figure 2 ):
1. The control location. The control location was the farthest location from the intersection studied, and drivers could not see the intersection from this location.
2. The warning sign location. The warning sign location ranged from 182.9 to 367.4 m before the intersection, based on guidance presented in the Manual on Uniform Traffic Control Devices (MUTCD) (4) . Vehicle speeds were also collected at the warning sign location.
3. The intersection location. In all cases the intersection location site was 152.4 m closer to the intersection than the warning sign.
However, because the distance from the warning sign to the intersection varied, the distance from the intersection speed trap to the intersection varied from 30.5 to 215 m.
Time clocks were synchronized for all devices. Individual vehicles were later tracked during the data reduction phase by tracking the time stamps and classifications on successive counters. Vehicle tracking allowed speed profiles to be analyzed for each vehicle, which allowed a more robust statistical analysis. Only vehicles clearly traveling in free-flow conditions (>15-s headway) were included in the analysis. Table 2 includes the number of vehicles tracked at each site under the different light conditions and different days of the week. The presence or absence of opposing vehicles was not monitored. Traffic data were generally collected for 3 to 4 days before and 3 to 4 days after the rumble strips were placed. The exact number of days varied, depending on the volume of vehicles and the amount of speed data collected per day.
The MOE used to evaluate driver reaction was the change in vehicle speed between speed collection locations. A change in speed approaching the stop sign was an appropriate MOE because it was desirable to reduce erratic vehicular decelerations and invoke a more comfortable deceleration profile (14, 18) . An indication of improvement would be illustrated by larger (but still comfortable) changes in speed farther upstream and lower changes in speed farther downstream. Additional MOEs used at the study sites were the approach speeds to the intersection, which were compared. 
Data Analysis
On completion of the data collection and formatting procedures, the data were analyzed to determine statistically significant correlations between the rumble strips and changes in traffic operational characteristics. The following subsections describe the variables and statistical tests used in the analyses. Because of the site-to-site differences, data from each site were analyzed separately. A graphical analysis was also performed to provide a visual indication of any relationships that might exist between the before and the after treatment conditions. All statistical tests were performed at a 95% confidence level (α = 0.05).
Variables
The warning device treatment was the primary independent variable in the data analysis for each site. The null treatment was always the existing sign(s) that was in place. The existing warning treatments were the stop ahead signs (which had ASTM Type III retroreflective sheeting). The stop signs present at the study locations were R1-1 (900 by 900 mm), which are typical for state department of transportation secondary highways. The one exception was the Snook study locations, which had expressway-sized stop signs that measured 1,200 by Thompson 
1,200 mm. The alternative treatments were the placement of rumble strips, in addition to the existing warning sign(s). The null treatment was considered the before case (before the rumble strip installation), and the alternative treatment was considered the after case (with the rumble strips installed). Only data collected under clear or partly cloudy weather conditions were analyzed, so weather condition was not a factor. The independent variables that were included in the analysis were as follows:
• Ambient lighting condition (day or night),
• Data collection period (weekday or weekend), and • Vehicle type (passenger vehicles with headways greater than 15 s).
For the data analyses, the upstream control point speed was used as a covariate. Covariates are random variables that are treated as concomitant or other influential variables that affect the response (18) . It is reasonable to assume that the magnitudes of the drivers' responses to signs, geometric conditions, or intersections varied according to the speed at which they generally chose to drive (i.e., their uninhibited free-flow speed) (19) . For example, drivers who travel faster on tangent sections will likely travel faster through curves. The covariate (upstream control speed) therefore helps to isolate these driver-specific variations in the model. a ⌬(W − Ι) = change in vehicle speed between the warning sign and the intersection speed traps. b ⌬(W) = difference in before and after speeds at warning sign speed trap. c ⌬(I) = difference in before and after speeds at intersection speed trap. d Statistically significant at 95% level of confidence. e Because some vehicles entered the study site from a near side road, data were split into two groups.
Test for Normality
The initial step in the data analysis was to determine if the data were normally distributed. To begin, the change in speed between the control speed trap and the intersection speed trap was plotted in a histogram for each data set, and these data appeared to have a normal distribution. Next, a chi-square test confirmed that the data were normally distributed.
Analysis of Variance
To examine the effectiveness of the rumble strips in warning drivers of upcoming decision points, the change in speed was compared for the before and the after conditions. Speed measurements were collected at three locations at all sites for both time periods:
1. Free-flowing (control) point, 2. Warning sign, and 3. Intersection.
The parameter of the change in speed between the warning sign and the intersection speed traps was calculated for each individual vehicle for each approach.
A multiple-factor analysis of variance (ANOVA) was used to determine if the transverse rumble strips caused a significant reduction in vehicle speeds. The multifactor ANOVA allows the testing of significant (p ≤ .05) differences between mean values for multiple populations as a function of independent variables (i.e., before study or after study, day or night light conditions, and weekday or weekend study periods) and the interactions between the independent variables (18) .
A model was developed for the multifactor ANOVA analyses from the independent and covariate variables that were discussed previously. The first model (Equation 1) tested the before and the after conditions on the basis of light conditions. The specific comparisons made by using Equation 1 were day (before) versus day (after) and night (before) versus night (after). The second model (Equation 2) tested the before and the after conditions on the basis of the data collection days. The specific comparisons made with Equation 2 were weekday (before) versus weekday (after) and weekend (before) versus weekend (after). These tests were also done to determine if the rumble strips had different impacts during times when the driver populations may be different. study = study period condition (before or after study condition), light = ambient light condition (day or night), period = data collection period (weekday or weekend), and control speed = speed at free-flow counter.
The models that were used to compare the before and the after conditions can be summarized by Equation 3 , in which MOE is proportionate to the control speed plus a treatment effect (intercept; α).
By comparing only one control speed in the ANOVA models, an assumption was made that the relationship (i.e., slope values) for the control speed were constant regardless of the control speed. To account for different slopes, two control speeds were chosen to evaluate the models. The control speeds were chosen on the basis of the mean and the 85th percentile speeds for each site. If significant differences in approach speeds or speed change occurred at one or both control speeds, those differences would be observed by choosing two different control speeds.
The β values in the equation represent the regression coefficient estimates, which help predict the speed changes and approach speeds. The estimates were examined for their significance in the model. The significant differences between the before and the after studies were denoted by the study variable and β 1 in Equations 1 and 2. The significant differences between daytime and nighttime periods were denoted by the light variable and β 2 in Equation 1. The significant differences between weekday and weekend periods were denoted by the period variable and β 2 in Equation 2.
The β 3 value in Equations 1 and 2 corresponded to the regression coefficient estimate for the control speed. The additional β values (β 4 , β 5 , β 6 , and β 7 ) corresponded to the interactions between the study, light, control speed, or period conditions.
The before study periods were denoted by −1, and the after study periods were denoted by 1 for the linear contrast models in the analysis with SPSS. A series of linear contrasts were performed for the data sets. In the case in which the before daytime data were compared with the after daytime data, a value of 1 was coded in for daytime periods and a value of 0 was coded in for nighttime periods. This allowed for day (before) versus day (after) comparisons. The nighttime, weekday, and weekend comparisons were coded similarly for the respective linear contrasts.
Graphical Analysis
The graphical analysis consisted of speed plots of the mean speed at the three designated data collection locations: control (free flow), warning sign, and intersection. The objective of the graphical analysis was to compare visually the pretreatment approach behavior with the posttreatment behavior. This analysis confirmed the results obtained with the model.
RESULTS
All sites included data collected during daytime and nighttime periods. However, weekend data were not collected at all of the sites. The sites where weekend data were collected included Snook northbound (FM 50 NB), Snook southbound (FM 50 SB), Hearne northbound
(FM 2542 NB), and Hearne southbound (FM 2549 SB). The findings have been categorized by site location and are presented in Table 2 . Table 2 indicates the change in average vehicle speeds at three different locations on each intersection approach before and after the rumble strips were installed. A brief discussion of the two sites with extenuating circumstances to their speed measurements is provided below.
FM 50 (Snook) Southbound Approach
Data from the southbound approach on FM 50 near the Snook site had to be divided into two groups: vehicles entering the highway from a side road (entering vehicles) and through vehicles. This was because of a bimodal distribution in the control speeds (Figure 3 ). This distribution was because the control speed trap was located near a side road. The side road was located 128 m (420 ft) upstream of the control speed trap. Vehicles turning onto FM 50 from the side road would traverse the control speed trap; however, the speed would be lower than that of a vehicle traveling straight through the site. A speed of 72 km/h (45 mph) was used to separate the groups. The average speeds for the turning vehicles and the vehicles traveling straight through were 53 km/h (33 mph) and 109 km/h (68 mph), respectively. The standard deviation speeds for the turning vehicles and the vehicles traveling straight through were 6.4 km/h (4.0 mph) and 12.8 km/h (8.0 mph), respectively. Taking a range of 3 standard deviations away from the mean in each case yielded a delineating speed of 72 km/h (45 mph).
Millican
The Millican study site was located at the intersection of FM 2154 and FM 159. One disadvantage to this study site was that a business was located on the west side of the subject roadway (FM 2154). The driveway had a low volume, and its presence was assumed to have a minimal effect on the results. A histogram of the speeds at the intersection speed trap indicated that this was the case. Many of the speeds recorded were greater than 32 km/h (20 mph). Vehicles traveling to or from the business would have done so at a lower speed. Those lower speeds account for less than 5% of the vehicle speeds recorded.
Summary
The data were summarized by presenting statistically significant changes ( p ≤ .05) and practical changes (a change in speed greater than 6.4 km/h) for each MOE at each site. Any beneficial impacts noted in Table 2 were given a ranking in Table 3 of either 1 (if the change was statistically significant but not practically significant) or 2 (if the change was both statistically and practically significant). Detrimental impacts were given a grade of either −1 (if the change was statistically significant but not practically significant) or −2 (if the change was both statistically and practically significant). Results with no statistically significant change were given a ranking of 0. For example, the change in the intersection spot speed measurement during the day period for FM 3118 was −1.74, which was found to be statistically significant. The decrease in spot speed was viewed as a beneficial impact, but because the change in speed was not greater than 6.4 km/h, it was not practically significant. Thus, for the change in the intersection spot speed during the daytime period, FM 3118 received a ranking of 1. The ratings were then summed to determine a meaningful impact. The findings are presented in Table 3 by site location and MOE. Overall, the installation of rumble strips generally produced small but statistically significant (p ≤ .05) changes in traffic speeds. Some negative driver behavior impacts (i.e., speed increases) occurred after the installation of the rumble strips. A few instances of practical reductions in change in vehicle speed and spot speeds also occurred; however, no significant change or a small significant change was observed for the majority of the MOEs.
CONCLUSIONS
The objective of this research was to determine if the presence of transverse rumble strips was an effective warning device for drivers approaching rural stop-controlled intersections. To accomplish this objective, nine approaches to rural stop-controlled intersections were used for the evaluations. Speed data were collected and analyzed to evaluate the effectiveness of the presence of transverse rumble strips on driver behavior and traffic operations. The conclusions from this research can be summarized as follows:
• For most of the sites analyzed, the installation of rumble strips did not significantly affect the speed change between the warning sign speed trap and intersection speed trap. Significant speed change reductions of greater than 1.6 km/h (1 mph) were observed at three sites (Colorado City northbound, Millican northbound, and Millican southbound). However, the overall trend was small reductions in speed change between the warning sign and the intersection speed collection points.
• At a number of sites, the results indicated statistically significant changes in approach speeds between the before and the after study conditions. However, these changes were of a magnitude of 3 to 5 km/h (2 to 3 mph), and on the basis of the literature reviewed (13), a reduction of 6.4 km/h (4 mph) is required to be practically significant. Thus, the rumble strips were not successful at meaningfully reducing the approach speeds for the data analyzed.
• The data were analyzed to observe any discernible patterns pertaining to light condition (nighttime periods as opposed to daytime periods). No discernible pattern existed in the data analyzed, in which nighttime speed reductions were significantly different, whereas the corresponding daytime speed reductions were not significantly different.
• The data were analyzed to observe any discernible patterns pertaining to the data collection period (weekend periods as opposed to weekday periods). No discernible pattern existed in the data analyzed, in which weekend speed reductions were significantly different, whereas the corresponding weekday speed reductions were not significantly different.
• In a small number of cases, approach speeds increased a statistically significant amount. This behavior did not support an improvement in traffic operations as a result of the installation of rumble strips.
• The data were analyzed to determine if the rumble strips were more effective when drivers entered the study location at higher control speeds. There was no discernible pattern that existed to allow a conclusion that the rumble strips were more effective when drivers entered the study location at a higher control speed.
RECOMMENDATIONS FOR FURTHER RESEARCH
An additional measure of transverse rumble strip evaluation, not performed in this study, could be to measure the location where vehicles begin to decelerate. The use of light detection and ranging (LIDAR) equipment may help to generate more accurate speed profiles and give a more accurate deceleration profile. LIDAR technology is able to track vehicles through the study approach more accurately and does not depend on uniform deceleration between speed trap locations.
A more direct measure of the effectiveness of the transverse rumble strips would be to perform a long-term study dealing with crashes, crash rates, or the rate of "Stop" sign compliance at the sites. A benefit-cost analysis of transverse rumble strips would be helpful in determining a proper course of action during planning stages for treatment options. The benefit-cost analysis could incorporate the results from a long-term crash study involving transverse rumble strips.
The primary objective of a warning device is to help to prevent crashes. Although the data do not support an overall reduction in speeds, previous literature suggests reductions in crashes can occur. Therefore, 1. Despite the minimal impacts on approach speeds, transverse rumble strips have a low purchase and installation cost (which is estimated to be $780 per study approach) compared with the value of life [which is estimated to be $2.7 million (20) ]. With this in mind and not knowing the long-term safety impacts of transverse rumble strips, the researchers recommend continued use of these warning devices.
2. Additional research is needed to identify the long-term safety effectiveness of transverse rumble strips.
3. Finally, research is needed to study the effectiveness of the use of speeds as a surrogate measure for driver compliance with "Stop" signs. Can these short-term speed measurements predict long-term crash rates and driver compliance?
